Introduction
Congenital amusia is a neuro-developmental disorder that mainly affects musical pitch processing. 1 The disorder encompasses a range of pitch-related impairments, including, but not limited to, fine-grained pitch processing 2 and pitch memory. 3 Pitch processing is crucial not only in musical perception, but also in speech perception, especially for tone languages. Recent studies suggest that amusics also may be impaired in lexical tone processing. 4, 5 For instance, in the study of Nan et al., 5 about one-third of amusics (called tone agnosics) showed difficulties in Mandarin tone identification and discrimination, despite listeners' tone language exposure since birth. Similar results have also been found with non-tonal language speakers such as native speakers of French perceiving tones in Thai and Mandarin. 6 These studies suggest that amusics' musical pitch processing deficit might coexist with difficulties in tone pitch perception. However, the mechanisms underlying the deficit in lexical tone pitch perception in amusics still remain unclear. Therefore, the primary goal of this study was to examine whether the deficit in lexical tone perception was associated with impaired psychophysical capacity to discriminate the changes in pitch and pitch contour, if any, for this population. The just-noticeable differences (JNDs) of tone pitch contour change was measured for Mandarin-speaking amusics with and without tone agnosia (tone agnosics and pure amusics, respectively) and matched controls.
Another goal of this study was to investigate whether stimulus duration affected the discrimination of pitch and pitch contour. Blicher et al. 7 investigated the effects of syllable duration on the identification of Mandarin tone 2 and tone 3 in native Mandarin and English speakers, and suggested that variations in the syllable length significantly affected identification of F0 contours, regardless of linguistic experiences. They proposed that the lengthened syllable duration enhanced some distinctive acoustic/auditory property and thus advanced the detectability of the target stimuli. In addition, other studies also reported a moderate, but significant effect of signal duration on tone identification, although F0 contour plays a critical role on tone perception. 8 Therefore, it is reasonable to predict that syllable duration may have a significant effect on pitch contour discrimination. In previous studies, 5, 9 only a subgroup of the amusics showed behavioral deficits in lexical tone discrimination (tone agnosics). On the other hand, Liu et al. 4 claimed that the amusic group demonstrated behaviorally impaired lexical tone discrimination compared with the controls. This discrepancy a) Author to whom correspondence should be addressed. might be due to different stimuli durations employed, i.e., around 110 ms in Liu et al. 4 and more than 200 ms in Nan et al. 5 Hence, in the current study, the role of stimulus duration on pitch contour discrimination was examined for the three groups of listeners.
In addition to the tone pitch contour discrimination, JNDs were measured for a discrete pitch. Unlike the level tone pitch contour, the onset of which was varied but the offset was fixed during the JND measurement, the discrete pitch moved at both the onset and offset. This discrete pitch condition thus resembled the conventional pitch discrimination procedure as employed in previous studies, 2 and it would be interesting to compare these two types of pitch movements in Mandarin-speaking amusics relative to matched controls. The possible psychoacoustic differences observed between the discrete pitch and the level tone may shed light on the relationship between music pitch and lexical tone processing.
In summary, the JNDs of pitch contour and discrete pitch change were examined at 100 and 200 ms for Mandarin-speaking pure amusics, tone agnosics, and matched controls. If the JNDs of amusics were significantly worse than those of controls, the deficit in lexical tone perception should be at least partially accounted for by their reduced psychophysical ability to discriminate pitch contour changes.
Method

Listeners
Twelve pure amusics (six females), six tone agnosics (two females), and 10 matched controls (four females) participated in the study. All listeners, between 19 and 31 yr old, were native Mandarin Chinese speakers who have been educated with standard Mandarin since birth. Each listener was recruited among undergraduate and graduate students at universities in Beijing. The listeners' audiometric thresholds were equal to or below 20 dB hearing level (HL) for octaves from 250 to 8000 Hz. None of the participants had received extracurricular musical training.
All listeners were assessed with the Montreal Battery of Evaluation of Amusia (MBEA). 1 Each listener in the pure amusic and tone agnosic groups scored below the cutoff score of 71.7%, corresponding with two standard deviations (SDs) below the mean of the controls, as obtained in a previous study. 5 Moreover, lexical tone tests, including the identification and discrimination of lexical tones, were conducted for all listeners. In addition, the six tone agnosics showed significant deficits in the lexical tone perception tests, 5 i.e., scoring less than 80% corresponding with three SDs below the mean of the controls found in the study of Nan et al. 5 The 12 amusics and six tone agnosics were screened from approximately 500 normal-hearing listeners, since the prevalence rates for amusia (3.4%) and tone agnosia (1%) were quite low. 5 
Stimuli
An isolated Mandarin vowel, /a/, with a level tone (tone 1) was first recorded from an adult female native-Mandarin speaker for this experiment. The F0 contour of this stimulus was replaced by a series of linear F0 contours [see Fig. 1 (A)] with other acoustic features unaltered to create vowels with linear F0 contours in a high-fidelity speech synthesizer, STRAIGHT. 10 The pitch (F0) contours of these newly produced stimuli were systematically manipulated at the onset from 180 to 250 Hz, with the offset F0 frequency fixed at 250 Hz [see Fig. 1(A) ], resulting in an onset continuum with F0 contours ranging from rising (tone 2) to level (tone 1). This set of stimuli was made up of 71 stimuli with 1 Hz as the step size. The manipulation of F0 frequency only at the onset was due to the finding that Mandarin native listeners had equal sensitivity to F0 changes at the onset and offset.
11 Three F0 contours were selected as the standard stimuli for pitch contour discrimination: a level tone (250 to 250 Hz), a rising tone (180 to 250 Hz), and a boundary tone (220 to 250 Hz). The selection of the boundary tone was based on the results of tone identification employing the continuum of F0 contours for normal and amusic listeners, i.e., the boundary tone was perceived as tone 1 or 2 at 50%. 12 The JNDs of F0 shifts were measured negatively for the level tone and positively for the rising tone, while the JNDs were examined in both directions for the boundary tone [ Fig. 1(A) ]. In addition to tone contour discrimination, the JNDs of pitch discrimination at 250 Hz were measured [i.e., discrete pitch, Fig. 1(B) ]. The duration of all stimuli was manipulated at 100 and 200 ms.
Stimulus presentation
The participants were seated in a quiet room and presented with digital stimuli sampled at 48 828 Hz to their right ears via SONY MDR-7506 headphones. A TuckerDavis Technologies (TDT, Alachua, FL) mobile processor (RM1) was used to control the signal presentation. All stimuli were presented at 70 dB sound-pressure level with 10 ms rising/falling ramps. The sound-pressure levels of the acoustic signals were calibrated in an AEC201-A IEC 60318-1 ear simulator by a Larson-Davis sound-level meter (model 2800, Larson Davis, Depew, NY) with a linear weighting band. The procedure was manipulated by the Sykofizx V R software.
Procedure
The JNDs of tone pitch discrimination were examined for each condition using a three-interval, forced-choice procedure with a two-down, one-up tracking algorithm, estimating 71% correct responses. 13 In each trial, a standard stimulus was presented first, followed by two test intervals in which a standard stimulus and a stimulus with F0 change were presented randomly. The probability of the stimulus with F0 change appearing in either of the two test intervals was equal at 50%. The inter-stimulus interval was 400 ms.
Listeners' task was to indicate which of the two test intervals was different from the first (standard) interval by a button press. Intervals were marked visually by a light above the corresponding interval button, which was illuminated simultaneously with the stimulus presentation. Listeners were required to respond within 10 s after the presentation of the three stimuli in each trial. The next trial started automatically 1 s after a response was collected. In each block, the onset F0 change from the standard stimulus first started at 20 Hz, then was adjusted in 5-Hz steps for the first three reversals and in 1-Hz steps thereafter. The threshold for a single block was based on the average F0 change corresponding with the last even number of reversals in the adaptive track, with the first three excluded. The JND for each condition was taken as the average threshold based on two 60-trial blocks, unless the thresholds for these two blocks differed by more than 3 Hz; in that case, a third block was completed and averaged with the other two blocks. The experimental blocks with the mixture of the five stimulus types and the two durations were randomized for each listener. It took about 1.5 h to complete the task.
Results
3.
1 JNDs of pitch contours 3.1.1 JNDs of the level tone (250 to 250 Hz) A two-way (within-subjects factor: duration; between-subjects factor: group) analysis of variance (ANOVA) was conducted for the JNDs of the level tone (250 to 250 Hz). The results showed a significant main effect of group (F 2,25 ¼ 13.223, p < 0.05), but no main effect of duration or interaction between duration and group. Pair-wise comparison using the Bonferroni correction revealed that tone agnosics had significantly larger JNDs (21.4 Hz) than the controls (5.9 Hz) and the pure amusics (11.4 Hz) (both ps < 0.05), whereas the latter two groups did not have significantly different JNDs (p ¼ 0.110).
JNDs of the boundary tone (220 to 250 Hz)
A three-way ANOVA with duration and direction (up or down) as the within-subjects factors and group as the between-subjects factor for the JNDs of the boundary tone (220 to 250 Hz) indicated significant main effects of group (F 2, 25 ¼ 10.424, p < 0.05), duration (F 1, 25 ¼ 19.443, p < 0.05), and an interaction between duration and group (F 2, 25 ¼ 4.447, p < 0.05). Because there was no main effect or any interaction involving direction, the JNDs of the up and down directions were combined. Simple effect analyses suggested that for the shorter duration (100 ms), the controls yielded significantly Simple effect analysis suggested that the JNDs for the three groups were significantly different only for 100 ms. At 100 ms, the tone agnosics had significantly larger JNDs (20.8 Hz) than both the controls (2.3 Hz) and the pure amusics (8.8 Hz) (both ps < 0.05), whereas the JNDs for the latter two groups were not significantly different (p ¼ 0.280); however, all three groups yielded statistically similar JNDs for 200 ms (controls 0.6 Hz, pure amusics 4.3 Hz, and tone agnosics 1.6 Hz) (p ¼ 0.369). Compared with the longer duration, the JNDs of the discrete pitch at the shorter duration (100 ms) were significantly larger for both the controls and tone agnosics (both ps < 0.05), but not for pure amusics (p ¼ 0.201).
3.3 JND comparisons between the level pitch contour and the discrete pitch To examine whether there was a significant difference in the JNDs between the level tone contour and the discrete pitch, a three-way ANOVA was conducted with the duration and stimulus type (the level tone vs the discrete pitch) as the within-subjects factors and group as the between-subjects factor. Results showed significant main effects of duration (F 1, 25 ¼ 23.707, p < 0.05), stimulus type (F 1, 25 ¼ 60.765, p < 0.05), group (F 2, 25 ¼ 9.843, p < 0.05) and a three-way interaction between duration, stimulus type, and group (F 2, 25 ¼ 6.855, p < 0.05). Simple effect analyses showed significantly larger JNDs of the level tone than the JNDs of the discrete pitch across all three groups for both durations (all ps < 0.05).
Discussion
Congenital amusia is a neuro-developmental disorder that may affect the processing of both musical pitch and linguistic tone. The sensitivity to pitch contour changes and pitch changes was examined for Mandarin-speaking amusics. The tone agnosics (those amusics with lexical tone deficits) showed markedly larger JNDs for pitch contour discrimination than both the pure amusics (those amusics without lexical tone deficits) and controls, regardless of stimulus duration. In contrast, the pure amusics differed from the controls in only one condition, i.e., they had significantly larger JNDs than the controls for the boundary tone discrimination at the 100 ms duration. For the other conditions, the JNDs for the pure amusics were not statistically different from those of the controls. Consistent with previous data, 5,9 these results suggested that only those tone agnosics who had behavioral lexical tone difficulties were psychophysically impaired in discriminating tone pitch contours, whereas the pure amusics who did not have behavioral tone deficits were almost as sensitive to pitch contour changes as the controls. Indeed, as demonstrated in our recent study on the categorical perception (CP) of lexical tones, 12 only tone agnosics showed a lack of categorical tone perception, while the pure amusics exhibited typical CP of lexical tones similar to the controls for both 100 ms and 200 ms durations. This is in stark contrast with another study tones. The discrepancy may be due to first, the 6-Hz step size which was used in Jiang et al.
14 may not be large enough for the control and amusics, and second, more importantly, a lack of distinction between pure amuscis and tone agnosics among Mandarinspeaking amusics. 14 It should be noted the JNDs for both the pure amusics and tone agnosics were sensitive to duration changes, especially for the boundary tone condition (Fig. 2) . For the tone agnosics, lengthening the signal duration did not improve their pitch contour discrimination to the level of the controls, e.g., the JNDs for the tone agnosics at the 200 ms duration were still significantly larger than those of the pure amusics and the controls; however, longer duration shortened the gaps. The JNDs for the pure amusics were not different from those of the controls at 200 ms. When the duration was shortened to 100 ms, the JND of the boundary tone in pure amusics was significantly larger than that of the controls. However, the relatively larger JNDs at 100 ms duration did not necessarily lead to a deficit in the categorical perception of lexical tones for pure amusics. 12 The duration effect is consistent with previous findings in which only a small group of amusics (e.g., tone agnosics) had problems with tone identification and discrimination for relatively long signals (280-420 ms; Nan et al.
5
); however, when using relatively short signals (around 110 ms), Liu et al. 4 reported that amusics had reduced tone perception.
Although the discrete music pitch and the level lexical tone started exactly at the same fundamental frequency (i.e., 250 Hz), the JNDs for all participants for the discrete pitch were significantly smaller than those for the lexical tone. This is consistent with previous findings that pitch contour discrimination is more difficult than pitch discrimination. 15 Specifically, at 200 ms, tone agnosics showed impairment in lexical tone contour discrimination but not in discrete pitch discrimination. These results are consistent with previous physiological reports in amusics who showed normal mismatched negativity (MMN) responses to fine-grained music pitch changes. 16 The observed dissociation between music pitch and lexical tone thus converges with Zatorre and Baum's postulation 17 about the existence of two pitch-processing systems and implies that experiences with the contour pitch system, such as being a Mandarin speaker, does not necessarily improve the processing of fine-grained music pitch. Together, the findings of this and previous studies 12 suggest that, for the future studies to investigate the perception of tone-related stimuli for Mandarin amusics, dividing amusic listeners into two groups, pure amusics and tone agnosics, may be needed.
In summary, the current study examined whether pitch discrimination and lexical tone contour discrimination were affected by Mandarin-speaking amusics with and without tone agnosia. Consistent with previous studies, 5, 9 those amusics who showed behavioral difficulties in lexical tone perception were found severely compromised in lexical tone discrimination, as reflected by the large JNDs. However, those amusics who exhibited similar tone perception performance with normal controls had comparable capacity to discriminate discrete pitch changes and tone contour changes, except for short signals at the boundary. Lengthening signal durations may improve amusics' sensitivity to the changes in pitch and pitch contours.
